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ABSTRACT

A func t iona l a r c h i t e c t u r e i s de f i ned t o be a techno logy
independent s p e c i f i c a t i o n o f a system w h i l e a computer
a r c h i t e c t u r e i s a technology dependent r e a l i z a t i o n o f a
funct ional a rch i tec tu re . The funct ional a rch i tec tu re serves as
t h e flsource lt f r o m which a l l implementat ions may be traced. Th is
paper reviews severa l functional arch i tec tu res a v a i l a b l e i n the
l i t e r a t u r e f o r robo t c o n t r o l systems. For t h i s paper, t h e t e r m
robo t con t ro l system r e f e r s t o a complete system which includes
t h e sensory and modeling components o f t h e system as w e l l as t h e
ac tua l con t r o l loops. The NASA/NBS Standard Reference Model f o r
Te lerobot C o n t r o l S y s t e m Arch i tec tu re (NASREM) i s presented along
w i t h t h e NIST approach t o i t s r e a l i z a t i o n . In te r faces f o r the
funct ional a rch i tec tu re a r e def ined using t h e l i t e r a t u r e so t h a t
ex tan t algor i thms can be implemented and evaluated i n the system.
This approach i s i l l u s t r a t e d by considering t h e SERVO l e v e l o f
NASREM i n d e t a i l . Then, one possib le computer a rch i tec tu re f o r
t h e r e a l i z a t i o n o f NASREM i s shown. The r e s u l t o f choosing t h e
NASREM functional a rch i tec tu re i s t h a t it provides a technology
independent parad igm which can be mapped i n t o a technology
dependent implementat ion capable o f evolving w i t h technology i n
t h e labo ra to ry as w e l l as i n space.

1. INTRODUCTION

S y s t e m designers tend t o approach problems with spec i f i c hardware
and s o f t w a r e b iases . G iven some s p e c i f i c requi rements, t h e
approach should be a c a r e f u l analysis o f ava i l ab le hardware and
s o f t w a r e . However, because o f economic as w e l l as o t h e r
constraints, the process o f ten degenerates into r a t i o n a l i z i n g why
a f a v o r i t e computer language and f a m i l i a r computer chips a r e
p r e c i s e l y wha t i s need t o so lve t h e problem. O f t e n , t h e
requirements o f the problem are manipulated i n t o the f o r m o f h o w
t o solve t h e problem using blackboards, whiteboards, h ie ra rch ica l
con t ro l , he terarch ica l contro l , e tc . The approach t h a t i s chosen
u l t i m a t e l y depends upon t h e r e s e a r c h o r g a n i z a t i o n , p r o j e c t
manager, o r thes is advisor. It would be il luminating t o t r y t o
f o r g e t some o f these biases f o r a moment and instead concentrate
on the r e a l requirements o f the system. This paper will, a t
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l e a s t ini t ial ly, t r y t o r e f r a i n f r o m the inst i tut ional b i a s o f
the so lu t ion i n order t o def ine the problem bet te r .

One approach t o the design o f a system i s t o analyze the problem
i n order t o develop a suf f i c ien t se t o f requirements t h a t t h e

. p rob lem i t s e l f imposes upon t h e so lu t i on . Then these
requirements dr ive the solut ion. This approach, o f t en c a l l e d a
"point design " provides a system t h a t does exact ly (hopefully)
what it i s supposed t o do. Unless the spec i f ica t ions f o r t h e
system are w r i t t e n w i t h ext raord inary care, however, it i s o f t e n
t h e case t h a t t h e system must be m o d i f i e d t o s a t i s f y some
previously unstated but c ruc ia l requirements. Unfortunately, it
i s o f t en very d i f f i cu l t t o modi fy a point design because the
system was designed t o s a t i s f y t h e design requ i remen ts
e f f i c i e n t l y . It was no t designed t o be f l ex ib l e . Consequently,
the t r a d e o f f between ef f ic iency and f l e x i b i l i t y i s c r i t i c a l i n
obtaining a useful system.

Another approach t o t h e design o f a system i s t o develop a
gener ic funct ional a rch i tec tu re which encompasses a l l o f t h e
functions associated w i t h t h e i d e a l system. I n this approach,
e f f ic iency may be sacr i f i ced f o r f l e x i b i l i t y . However, if t h e
capab i l i t i es o f t h e system are subject t o change over t ime , then
th is f l e x i b i l i t y i s imperative. The assumption o f th is paper i s
t h a t the re i s no c lea r l y superior approach t o the design o f robot
con t ro l systems and the re fo re opting f o r f l e x i b i l i t y i s the most
reasonable approach.

The w o r d I 1a rch i tec tu re t 1 has been used ex tens i ve l y i n t h e
l i t e r a t u r e but a prec ise def in i t ion does n o t currently ex is t . I n
t h i s paper, there i s a conscious at tempt t o separate the concept
o f t h e func t iona l a r c h i t e c t u r e f r o m t h a t o f t h e computer
archi tecture. A s i t s name suggests, t h e funct ional arch i tec ture
i s concerned with the functional aspects o f the problem and every
at tempt i s made t o make it technology independent. O n the o the r
hand, the computer archi tecture i s c l e a r l y technology dependent.
It represen ts a p a r t i c u l a r r e a l i z a t i o n o f t h e f u n c t i o n a l
arch i tec ture a t some point i n t ime. Consequently, if t h e same
funct ional a rch i tec tu re were implemented a t a d i f f e r e n t t ime , it
i s not unreasonable t o expect t h a t a t o t a l l y d i f f e r e n t computer
a r c h i t e c t u r e would be used i n order t o take advantage o f
improvements i n the state - of - the - art .

Given these definit ions, the design procedure can be summed up i n
the fo l lowing steps:

1. Development o f a functional architecture.

2. Development o f a se t o f inter faces f o r the functional
architecture.

3. Development o f t h e computer archi tecture.

4. S o f t w a r e and hardware development, tes t ing , and
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integration.

I n looking through t h e l i t e r a t u r e , it i s evident t h a t many
researchers have developed architectures f o r robot contro l . Very
f e w o f these architectures, however, a re functional architectures
as previously defined because they are technology dependent.
Because o f the immense amount o f experience many researchers
possess, the design procedure o f t en begins i n the second o r third
phase o f the design process. F a m i l i a r i t y w i t h the problem seems
t o lead researchers t o solve t h e problem without f i r s t formal ly
defining t h e func t iona l a r c h i t e c t u r e . A s a r e s u l t , t h e
r e a l i z a t i o n s are f a r less f l e x i b l e than they might be. This
process i s essent ia l ly a ttpoint design. " Each researcher begins
the design process knowing precisely which algorithms are best
and an e f f i c i e n t system t o execute these algorithms i s developed.
There are no systems w i t h the capabi l i ty t o eas i l y in te r face
other con t ro l algorithms, r o b o t models, sensory processors, etc.,
w i t hou t major system redesign. Consequently, looking ser ious ly
i n t o the development o f a funct ional archi tecture could have a
profound e f f e c t on t h e resea rch community because o f t h e
poss ib i l i t y o f comparing competing approaches.

This paper i s organized i n the f o l l o w i n g way. The next sect ion
will review some o f the functional archi tectures associated with
complete robot con t ro l systems. This will be fol lowed by a
descript ion o f NASREM. The approach t o the NIST implementation
o f NASREM will be presented.

2. ALTERNATIVE FUNCTIONAL ARCHITECTURES

The vast ma jo r i t y o f work i n robot con t ro l systems would no t be
c i t e d as funct iona l a r c h i t e c t u r e s because o f technology
dependence. Several funct ional archi tectures ex i s t and t h i s
sect ion will described t h r e e o f them.

S a r i d i s [l]develops the concept o f I fintel l igent cont ro l t t f o r h i s
functional archi tecture. Intel l igent cont ro l i s t h e marriage o f
a r t i f i c i a l intel l igence, con t ro l and operations research. The
approach employs hierarchy centered around the guiding principle
t h a t there i s decreasing precis ion with increasing intel l igence.
Lower l e v e l s i n t h e h ie ra rchy a r e f a s t and p r e c i s e but
fundamentally dumb. For example, i n the control o f a robot, the
l e v e l which contro ls the jo in ts o f the robot must support a
ce r ta i n update r a t e f o r performance and stab i l i ty . However, it
does no t need t o deal w i t h the planning f o r why t h e ac t i on i s
ac tua l l y being performed. The functional archi tecture speci f ies
t h r e e l e v e l s i n t h e hierarchy which i n descending o rde r o f
i n te l l i gence are: t h e o rgan i za t i on l e v e l , t h e coo rd ina t i on
l eve l , and the hardware con t ro l l eve l .

Brooks [ 2 ] describes a functional archi tecture based on what he
c a l l s the subsumption principle. While the approach i s applied
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t o mobile robots, it i s c l e a r l y more generic. The basic idea i s
t h a t there i s a hierarchy o f functional modules which communicate
over l o w bandwidth channels. Each l e v e l i n the hierarchy i s
responsible f o r a cer ta in function. For example, one l e v e l i s
responsible f o r the goal o f wandering around without col l id ing
w i t h objects i n the environment. A l e v e l superior t o t h i s could
take over some o f t h e funct ions o f t h e i n f e r i o r l e v e l o r
*lsubsume** i t s functionality by suppressing the lower level ’s
outputs. A s a r e s u l t , mul t ip le goals, mul t ip le sensors,
robustness, and ex tens ib i l i t y are possible when this functional
architecture i s implemented. Brooks claims t h a t subsumption i s
super ior t o t a s k decomposit ion because a l e v e l can p e r f o r m
functions without instruction f r o m a superior level . However,
th is object ion may be less a complaint about task decomposition
t h a n about p a r t i c u l a r implementations. The subsumption
arch i tec tu re i t s e l f has task decomposit ion i n t h a t each
functional module i n t h e hierarchy i s , i n e f fec t , decomposing a
task in to the functions appropr iate f o r t h e next l e v e l . The
object ion Brooks may be describing i s a system where a l l planning
i s done i n one box, a l l cont ro l i n another, etc.

The subsumption a r c h i t e c t u r e does e x h i b i t some p o t e n t i a l
problems. A l l sensory processing informat ion i s sent t o a l l
l eve ls and it i s up t o each l e v e l t o pay a t ten t ion o r ignore t h e
data as it sees fit. Consequently, ce r t a i n processes which are
inherently sequential may cause some problems. For example, i n
processing an image, t h e iden t i f i ca t i on and loca t i on o f an object
through a no ise reduct ion, f e a t u r e e x t r a c t i o n , and f e a t u r e
c l a s s i f i c a t i o n sequence need no t communicate w i t h a l l layers i n
t h e h ie rarchy s ince it i s c l e a r t h a t c e r t a i n l e v e l s will
def in i te ly have no use whatsoever f o r t h e data. A more ser ious
concern about t h e subsumption archi tecture i s t h a t each l e v e l o f
competence includes as a subset each e a r l i e r l e v e l o f competence.
The problem i s t h a t it may be very d i f f i cu l t f o r t h e upper l e v e l
t o take into account a l l o f t he d e t a i l s t h a t the lower l e v e l must
deal w i t h i n order t o be able t o subsume i t s functional i ty.
Interestingly, t h i s seems t o be contrary t o Sar id is ’ approach
where i n t e l l i g e n c e and p r e c i s i o n a t h i e r a r c h i c a l l e v e l s a r e
inversely re lated. .The concept o f hierarchy i s normally used
precisely t o avoid having higher leve ls know the d e t a i l s o f lower
leve l ’s processes.

Shafer [ 3 ] presents a func t iona l a r c h i t e c t u r e f o r sensory
perception ca l led CODGER which i s based t o some extent on the
Hearsay [ 4 ] system. I n his system it i s anticipated t h a t t h e
percept ion subsystem i s expected t o use 90 % o f the compute
power. There i s a heterarchy consisting o f a cen t ra l database,
pool o f knowledge intensive modules, and database manager which
synchronizes the modules. The approach i s presented i n this
sec t i on even though it dea ls p r ima r i l y with t h e sensory
processing aspects o f the problem because there i s a conscious
attempt t o def ine a functional archi tecture before proceeding
w i t h the design. The system philosophy i s t o provide as much
top-down guidance as possible and t o exp lo i t sensor moda l i t y
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d i f f e r e n c e t o produce complementary r a t h e r t h a n competing
perceptual processes. CODGER i s a communications database w i t h
geometric reasoning. It has a whiteboard which i s equivalent t o
a blackboard w i t h p a r a l l e l execut ion o f modules including
geometric reasoning. CODGER i s used f o r the Autonomous Land
Vehicle (ALV) where the processing associated with the perception
o f t he environment i s t he bott leneck. The other par ts o f the
ALV, t he captain f o r example, are r e l a t i v e l y easy because a
human does near ly a l l o f the complex planning.

3. NASA/NBS STANDARD REFERENCE MODEL FOR TELEROBOT CONTROL SYSTEM
ARCHITECTURE (NASREM)

Another func t iona l a r c h i t e c t u r e i s the NASA/NBS Standard
Reference Model f o r Te le robo t C o n t r o l S y s t e m A r c h i t e c t u r e
(NASREM). While NASREM focuses on the appl ica t ion o f robots t o
space, the same approach has been used t o develop robot systems
f o r manufacturing [5 ] , undersea vehicles [ 6 ] , remotely driven
vehicles [ 7 ] , shipbuilding robots [ 8 ] , etc., and it i s there fore
argued t h a t t h e arch i tec ture is , i n some sense, generic f o r robot
con t ro l systems. The fundamental paradigm o f the control system
i s shown i n Figure 1. The con t ro l system architecture i s a three
legged hierarchy o f computing modules, serv iced by a
communications system and a g l o b a l memory. The t a s k
decomposit ion modules p e r f o r m r e a l - t i m e planning and t a s k
monitoring functions: they decompose task goals both spat ia l l y
and tempo ra l l y . The sensory processing modules f i l te r ,
cor re la te , detect, and in teg ra te sensory informat ion over both
space and t i m e i n o r d e r t o recogn ize and measure pa t te rns ,
features, objects, events, and relat ionships i n the externa l
w o r l d . The w o r l d modeling modules answer quer ies, make
predictions, and compute evaluat ion functions on the s t a t e space
def ined by the in fo rmat ion stored i n g loba l memory. G loba l
memory i s a database which contains t h e system’s best est imate o f
the s ta te o f the externa l world. The world modeling modules keep
the global memory database current and consistent.

The f i r s t l e g o f the hierarchy consists o f task decomposition
modules which plan and execute the decomposition o f high l e v e l
goals into low l e v e l actions. Task decomposition involves both a
temporal decomposition ( into sequential actions along the t ime
l ine) and a s p a t i a l decomposition ( i n t o concurrent act ions by
d i f f e r e n t subsystems). Each task decomposition module a t each
l e v e l o f t he hierarchy consists o f a j ob assignment manager, a
se t o f planners, and a se t o f executors. These decompose the
input task into both spa t i a l l y and temporally d is t inc t subtasks.

The second l e g o f t h e h ierarchy cons is ts o f w o r l d model ing
modules which model ( i . e . , remember, est imate, p red ic t ) and
evaluate the s ta te o f the world. The t twor ld model tt i s t h e
system’s best est imate and evaluation o f the history, current
state, and possible future sta tes o f the world, including the
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s t a t e s o f t h e system being con t ro l l ed . The Ilworld model nt

includes both t h e wor ld modeling modules and a knowledge base
stored i n a g loba l memory database where s ta te var iables, maps,
l i s t s o f objects and events, and at t r ibutes o f objects and events
are maintained. The wor ld model maintains the global memory
knowledge base by accepting information f r o m the sensory system,
provides pred ic t i ons o f expected sensory input t o t h e
corresponding sensory system modules, based on the s ta te o f the
task and estimates o f the external world, answers What is? "
quest ions asked by t h e executors i n t h e corresponding t a s k
decomposition modules, and answers "What if?"questions asked by
the planners i n the corresponding task decomposition modules.

The third l e g o f the hierarchy consists o f sensory processing
sensory system modules. These recognize patterns, detect events,
and filter and in tegra te sensory information over space and time.
The sensory system modules a t each l e v e l compare wor ld model
predictions with sensory observations and compute co r re l a t i on
and dif ference functions. These are integrated over t ime and
space so as t o fuse sensory informat ion f r o m multiple sources
over extended t i m e i n t e r v a l s . Newly de tec ted o r recognized
events, objects, and relat ionships are entered by the world
modeling modules into t h e wor ld model g loba l memory database, and
ob jec t s o r r e l a t i o n s h i p s perce ived t o no longe r e x i s t a r e
removed. The sensory system modules a lso contain functions which
can compute confidence fac tors and probabi l i t ies o f recognized
events, and s t a t i s t i c a l estimates o f stochastic s ta te va r iab le
values.

The con t ro l archi tecture has an operator i n t e r f ace a t each l e v e l
i n the hierarchy. The operator in te r face provides a means by
which human operators, e i t he r i n the space s ta t i on o r on t h e
ground, can observe and supervise the te le robot . Each l e v e l o f
the t a s k decomposition hierarchy provides an in te r face where t h e
human operator can assume control . The task commands i n t o any
l e v e l can be de r i ved e i t h e r f r o m t h e higher l e v e l t a s k
decomposition module, f rom the operator in te r face, o r from some
combination o f the t w o . Using a var ie ty o f input devices, a
human operator can enter the contro l hierarchy a t any leve l , a t
any t i m e o f h i s choosing, t o m o n i t o r a process, t o i n s e r t
information, t o interrupt automatic operation and take con t ro l o f
the task being performed, o r t o apply human in te l l igence t o
sensory processing o r wor ld modeling functions.

The sharing o f command input between human and autonomous con t ro l
need no t be a l l o r none. It i s possible i n many cases f o r t h e
human and the automatic con t ro l le rs t o share cont ro l o f a
te le robo t system simultaneously. For example, i n an assembly
operation, a human might cont ro l the posit ion o f an end e f f ec to r
wh i l e the robot automat ica l ly contro ls i t s or ientat ion. For a
more de ta i led description o f NASREM, see [9 ] .
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4. NIST IMPLEMENTATION O F NASREM

I n order t o implement a functional architecture, especia l ly one
l i k e NASREM which a l l o w s evo lu t ion w i t h technology, t h e
i n t e r f a c e s m u s t be c a r e f u l l y defined. Although t h e NASREM
functional archi tecture specif ies the purpose o f each module i n
the control system hierarchy, it does not completely specify the
i n t e r f a c e s between modules. Th is sec t i on will descr ibe t h e
method by which the i n t e r f a c e s f o r t h e SERVO l e v e l o f t h e
hierarchy have been defined. The method involves gathering a l l
o f the algorithms ava i lab le f o r SERVO l e v e l control, dividing
each algori thm into the par ts which inherently belong t o task
decomposition, wo r l d modeling, and sensory processing, and then
deriving the inter faces w h i c h will support these algorithms. Any
design, however, m u s t constrain the problem suf f ic ient ly so t h a t
de ta i led inter faces can be devised.

With th is i n mind, t h e Servo Level design was based on a
fundamental cont ro l approach which computes a motor command as a
function o f feedback system s t a t e y, desired s ta te ( a t t r a c t o r )
Yd, and c o n t r o l gains. I n t h i s approach, t h e gains a r e
coe f f i c i en t s o f a l i n e a r combination o f s ta te e r ro rs (y-yd). The
system s t a t e and i t s a t t r a c t o r are composed f r o m the physical
quant i t ies t o be control led, (i.e., posit ion, force, etc.,) and
can be expressed in an a r b i t r a r y coordinate system. This type of
algor i thm i s the basis f o r almost a l l manipulator con t ro l schemes
I 1 0 1 l However, t h i s bas ic a lgo r i t hm i s inadequate f o r
contro l l ing the gross aspects o f manipulator motion, as described
i n [ll].The algor i thm can provide g

g
small

g
' motions so t h a t the

dynamics o f the servo algor i thm i t s e l f are not significant. This
means t h a t the Pr im i t i ve Level must generate the gross dynamics
o f t h e motion through a sequence o f inputs t o t h e Servo Level.
This can be achieved through an appropriate sequence o f e i t h e r
a t t r a c t o r points [10,12] o r gain values [Ill.

Figure 2 depicts the de ta i l ed Servo Level design. The task
decomposit ion module a t t h e Servo Leve l rece i ves input f r o m
P r i m i t i v e i n the form o f the command spec i f i ca t ion parameters.
The command parameters include a coordinate system spec i f i ca t ion
C, which indicates the coordinate system in which the current
command i s t o be executed. C, can specify jo int , end-effector, o r
Car tes ian (wor ld ) coordinates. Given w i t h respec t t o t h i s
coord ina te system a r e des i red pos i t i on , v e l o c i t y , and
acce lera t ion vectors (zd, Zd, Z d ) f o r the manipulator, and the
desired force and r a t e o f change o f force vectors (fd, fd).
These command vectors form the a t t r a c t o r se t f o r the manipulator.
The K's are the gain coe f f i c i en t matr ices f o r e r r o r terms i n the
c o n t r o l equations. The s e l e c t i o n m a t r i c e s (S,S ' ) apply t o
c e r t a i n hybrid force/posi t ion contro l algorithms. Finally, the
l

g
Algori thm l t spec i f i e r se lec t s t h e c o n t r o l a lgo r i t hm t o be

executed by the Servo Level.

When t h e Servo Leve l planner rece ives a new command
speci f icat ion, t h e planner transmits ce r t a i n information t o wor ld
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modeling. This in fo rmat ion includes an a t t e n t i o n function which
t e l l s wor ld modeling where t o concentrate i t s e f fo r ts , i .e. what
in format ion t o compute f o r t h e executor. The executor simply
executes the algor i thm indicated i n the command speci f icat ion,
using data supplied by wor ld modeling as needed.

The wor ld modeling module a t the Servo Level computes model-
based quant i t ies f o r the executor, such as Jacobians, i n e r t i a
matrices, gravity compensations, Co r i o l i s and centr i fugal force
compensations, and po ten t i a l f i e l d (obstacle) compensations. I n
addition, world modeling provides i t s best guess o f the s t a t e o f
the manipulator i n terms o f posit ions, ve loc i t ies , end - effector
forces and joint torques. To do this, the module may have t o
resolve conf l i c ts between sensor data, such as between jo in t
pos i t ion and Cartesian pos i t i on sensors.

Sensory processing, as shown i n Figure 2, reads sensors re levant
t o Servo and provides the f i l t e r e d sensor readings t o world
modeling. I n addit ion, ce r t a i n information i s t ransmit ted up t o
t h e P r i m i t i v e Leve l o f t h e sensory processing h ie ra rchy .
Pr imi t ive uses this information, as w e l l as informat ion f r o m
Servo Leve l w o r l d modeling, t o m o n i t o r execut ion o f i t s
t ra jec tory . Based on t h i s data, Pr im i t i ve computes the s t i f f n e s s
(gains) o f t h e c o n t r o l , o r switches c o n t r o l a lgo r i thms
al together . For example, when P r i m i t i v e detects a contact w i t h a
sur face, it may sw i t ch Servo t o a c o n t r o l a l g o r i t h m t h a t
accommodates contact forces.

A more complete description o f t h e Servo Level i s ava i lab le i n
[ l o ] where the vast m a j o r i t y o f the exist ing algorithms in t h e
l i t e r a t u r e are described. The same process f o r developing the
in ter faces based on the l i t e r a t u r e has a lso been performed f o r
t h e P r i m i t i v e l e v e l and i s a v a i l a b l e i n [ 1 2 ] . While t h e
procedure i s planned f o r each l e v e l i n the hierarchy, the amount
o f l i t e r a t u r e support tends t o decrease as one moves up t h e
hierarchy.

Once the in te r faces are defined, it i s possible t o choose a
computer archi tecture and begin t o r e a l i z e the system. While
every e f f o r t i s being made t o do the j o b properly, there i s no
reason t o assume t h a t the implementation a t NIST i s opt imal i n
any way. It i s simply i l l u s t r a t e s one r e a l i s t i c method t o
implement the NASREM architecture.

While a funct ional architecture i s technology independent, i t s
implementation obviously depends en t i re l y on the state - of- the - art
o f technology. The designer must choose exis t ing computers,
buses, languages, etc., and, f rom these too ls , produce a computer
a r c h i t e c t u r e capable o f per fo rm ing the funct ions o f t h e
functional archi tecture. The system must adequately meet t h e
rea l - t ime aspects o f the con t ro l l e r so t h a t adequate performance
i s achieved through carefu l consideration o f computer choice,
multiple processor real - t ime operating system, inter -processing
communication requirements, tasking within ce r ta i n processors,
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etc. For a more deta i led description o f th is methodology, see
~ 3 1l

The NIST implementation considers t w o aspects o f the process:
the development environment on which t h e code i s w r i t t e n ,
debugged, and t e s t e d as w e l l as possible, and t h e t a r g e t
environment where the code f o r the real - t ime robot con t ro l system
i s executed. Figure 3 shows the approach. A network o f SUN
works ta t i ons running UNIX i s used f o r t h e development
environment, sacr i f i c ing the speed o f the developed code f o r the
ease o f development. Once t h e code i s t e s t e d as w e l l as
possible, it i s downloaded t o the ta rge t system. The ta rge t
system consists o f a VME backplane o f several (currently 6) 68020
processors. For rapid iconic image processing, the PIPE system
[ 1 4 ] i s integrated into the system. The ta rge t hardware drives a
Robotics Research Corp. K-1607 arm.

From the software side, the multiprocessing operating system used
f o r the ta rge t i s required t o be as simple as possible so t h a t
the overhead i s m i n i m i z e d . The duties o f the operating system
are l i m i t e d t o very simple act ions such as downloading executable
code, s t a r t i n g up t h e processors, and in te rp rocesso r
communication. While tasking i s no t performed a t the lower
leve ls o f t he hierarchy because o f the overhead associated w i t h
con tex t switches, it i s des i rab le a t higher l e v e l s i n t h e
hierarchy which are not as t ime c r i t i c a l . NIST researchers are
currently investigating three a l t e r n a t i v e s f o r tasking: tasking
provided by t h e n a t i v e ADA compi ler , pSOS tasking, and ADA
tasking. Interprocessor communications a l te rna t i ves including
PRISM, sockets, etc., m u s t a l so be evaluated empirically. The
a c t u a l a p p l i c a t i o n code i s w r i t t e n i n ADA. Although ADA
compilers cannot currently produce code as e f f i c i e n t as o ther
languages such as C, NIST researchers have shown t h a t the gap i s
s tead i ly decreasing [15] .

The appl ica t ion code i s developed by programming the processes
which achieve the functions associated w i t h the boxes i n the
func t iona l a r c h i t e c t u r e . The problem then becomes one o f
assigning each o f t h e processes, such as those shown i n Figure 2,
t o a par t i cu la r processor. There i s a c l ea r t rade - of f between
t h e cost o f t h e so lu t ion and the performance o f the system.
There are currently no software t o o l s which automat ica l ly perform
this assignment based on an a r b i t r a r y index o f performance. The
approach a t NIST i s step-wise refinement o f the performance o f
the system. Given the par t i cu la r hardware being used, a cer ta in
number o f processors i s chosen a r b i t r a r i l y . For t h a t
configuration, the processes are assigned t o the processors.
Then, the system i s evaluated i n terms o f i t s performance. If
the performance i s unacceptable, t h e designer has severa l
options. The f i r s t opt ion i s t o add more processors. This
a l t e r n a t i v e i s balanced against add i t iona l communication required
by t h e processors. Another a l t e r n a t i v e i s t o add f a s t e r
processors o r specia l purpose processors, such as dynamics chips,
which opt imize par t i cu la r ly compute intensive operations. This
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t rade - of f c l ea r l y re la tes t o cost. Another a l t e rna t i ve i s t o
reassign the processes t o the processors i n order t o balance t h e
workload o f each processor. Each o f the a l ternat ives can be used
by the designer i n order t o improve the performance of the
system. This al lows a par t i cu la r configuration w h i c h implements
the functional archi tecture t o change w i t h t ime as improvements
i n technology are real ized.

5. CONCLUSION

While there are many competing computer architectures f o r robot
control, there are r e l a t i v e l y f e w functional architectures. Some
purport t o be general i n nature whi le others are sa t i s f i ed w i t h
achieving a set o f speci f icat ions f o r a par t icu lar application.
The i d e a l s i tua t ion would be if there were some way t o prove
mathemat ical ly which arch i tec ture i s t h e best. Unfortunately,
this i s does not appear t o be possible a t t he present t i m e
because the proof o f opt imal i ty i s int imately connected w i t h
defining and understanding intel l igence. If it i s d i f f icu l t t o
def ine inte l l igence, it should be no wonder t h a t building an
intel l igent system has a lso been shown t o be a formidable task.

Being unable t o prove op t ima l i t y cannot imply t h a t research i n
the area o f functional architectures f o r robot con t ro l i s futi le.
Architectures which have been considered t o be generic have been
suggested but there i s r e a l l y no way t o discuss the r e l a t i v e
m e r i t s o f each approach wi thout empirically obtained evidence.
The most prudent course o f ac t i on would be t o implement some o f
these l1general B1 archi tectures and find out precisely w h a t i s
right and wrong w i t h each. Hopefully, this approach, which can
be considered t o be step-wise refinement, will lead t o more
g l o b a l g e n e r a l i z a t i o n s o f t h e r o b o t c o n t r o l problem, and
u l t ima te l y suggest an archi tecture which holds the paradigm f o r
t ruly intell igent robot behavior i n a machine.
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